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Effective field theory approach to new physics

Our approach to new physics in the ν sector here:

Effective field theory: Integrating out heavy new particles

φ

χ

χ̄

f

f̄

←→

χ

χ̄

f

f̄

(χ̄χ)
i

q2 −m2
φ

(f̄ f ) → i
m2

φ

(χ̄χ)(f̄ f )

Very successful in the past:
Fermi theory of weak interactions
Tests of new physics in the quark flavor sector
Dark matter direct detection
. . .
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Neutrino matter effects in the Standard Model

In the Standard Model: Effective theory of weak interactions

Leff ∼ −2
√

2GF
[
ēγµPLνe

][
ν̄eγµPLe

]
∼ −2

√
2GF

[
ēγµPLe

][
ν̄eγµPLνe

]
In ordinary matter〈

ēγ0e
〉

= ne 〈ē~γe〉 ∼
〈
~ve

〉
= 0〈

ēγ0γ5e
〉
∼

〈
~σe~pe/Ee

〉
= 0

〈
ē~γγ5e

〉
∼ 〈~σe〉 = 0

Potential felt by electron neutrinos in ordinary matter:

V =
√

2GF ne

Sign changes for νµ ↔ ν̄µ

⇒ Effective CPT violation due to CPT -asymmetric background matter

In the SM, these effects are suppressed by θ13, ∆m2
21/∆m2

31
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New interactions in the neutrino sector

“New physics” often leaves low-energy fingerprints in the form of
effective, non-standard 4-fermion interactions (NSI).
⇒ Modification of weak interaction Lagrangian
NSI can affect neutrino production (CC), propagation (NC),
and detection (CC)

Grossman PL B359 (1995) 141

Wolfenstein PR D17 (1978) 2369, Valle PL B199 (1987) 432, Guzzo Masiero Petcov PL B260 (1991) 154, Roulet PR D44 (1991) R935, etc.

Lagrangian:

LNSI =
GF√

2

∑
f ,f ′

ε̃s,f ,f ′

αβ

[
ν̄βγρ(1− γ5)`α

][
f̄ ′γρ(1− γ5)f

]
+

GF√
2

∑
f

ε̃m,f
αβ

[
ν̄αγρ(1− γ5)νβ

][
f̄γρ(1− γ5)f

]
+ h.c.,

Lorentz structures different from (V − A)(V − A) are possible.
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Constraints on new interactions in the ν sector

SU(2) invariant operators for neutrino NSI are usually accompanied by
charged lepton NSI, which are heavily constrained.
(Exception: NC [ν̄τντ ][f̄ f ] couplings)

see e.g. Antusch Baumann Fernández-Martínez arXiv:0807.1003
Gavela Hernandez Ota Winter arXiv:0809.3451

Is there any room left for detectable new physics in the ν sector?

One possible scenario: Dim 8 operators, e.g. [Ec
γγρLα][L̄βγρEc δ](H†H)

I Requires new mediators
I Requires cancellation between couplings to avoid large dim-6 effects.
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Neutrino NSI from light new physics

Another, very natural, option:

Note that many constraints on NSI come from high-energy
(& O(GeV)) processes.
On the other hand, assume new mediator(s) with very small masses m
and with extremely weak coupling g Nelson Walsh 0711.1363; Engelhardt Nelson Walsh 1002.4452

I high-energy cross sections/rates suppressed by g4/(q2)2

I Low-E processes such as
F coherent forward scattering (q2 = 0)
F coherent ν–N scattering
F low- ν–e scattering

only suppressed by (g4/(q2 −m2)2

I . . . can be quite large
Light new mediators must be electrically neutral
Light new force mediators also interesting in many other contexts:

I Dark Matter (Sommerfeld enhancement) Arkani-Hamed Finkbeiner Slatyer Weiner 2009 + many others

I Explaining dark matter anomalies through modified interactions
of solar neutrinos Pospelov 2011, Harnik JK Machado 2012, Pospelov Pradler 2012

I Residual U(1)’s from string compactifications
I The APEX experiment
I Fifth force searches (Eöt-Wash, . . . )
I . . . and they are not ruled out experimentally
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Non-standard matter effects from NC NSI

A neutral current (NC) non-standard interaction (NSI) of the form

LNSI ∼ −2
√

2GF εf
αβ

[
f̄γµf

][
ν̄αγµPLνβ

]
f = e, µ, τ ,

leads to off-diagonal (flavor-violating) and/or non-universal terms in the MSW
matter potential. In the flavor basis,

V =
√

2GF ne

1 + εee εeµ εeτ

ε∗eµ εµµ εµτ

ε∗eτ ε∗µτ εττ

 .

The oscillation probability is

P(να → νβ) =
∣∣〈νβ |e−iHt |να〉

∣∣2
, H =

1
2E

U

0
∆m2

21
∆m2

31

 U† + V .

For ν̄: U → U∗, V → −V
⇒ Effective CPT violation
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Example: NC NSI in the µ–τ sector

Two-flavor calculation leads to

P(νµ → νµ) = 1− sin2 2θN sin2
(

∆m2
NL

4E

)
with

∆m2
N =

[
(∆m2

32 cos 2θ23 + εττ A)2

+ |∆m2
32 sin 2θ23 + 2εµτ A|2

]
sin2 2θN = |∆m2

32 sin 2θ23 + 2εµτ A|2/∆m4
N ,

and A = A = 2
√

2GF neE . (we set εµµ = 0
since flavor-universal terms can be
subtracted from V )

Small matter effects most visible at high energy
→ Most interesting for long-baseline superbeam or neutrino factory
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Discovery reach in super-MINOS vs. LBNE
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Discovery reach at a neutrino factory

low-E ν-fact high-E ν-fact

Li et al., in preparation
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Baseline dependence of discovery reach at a HENF

JK Ota Winter, 0804.2261

Long baseline generally a good thing for NSI searches
Note: These plots are for the HENF, but qualitatively similar conclusions
are expected for the LENF.
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Enhanced neutrino scattering at low energy

Remember:

New interactions mediated by a light new particle are
strongest at low-q2/low energy

In the following:
Low-energy neutrino scattering
Low-treshold detectors (dark matter technology)
Will show plots for solar neutrinos, but man-made
(Project X-based?) low-E neutrino sources are
equally interesting
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Example 1: Neutrino magnetic moments

Assume neutrinos carry an enhanced magnetic moment

Lµν
⊃ µν ν̄σαβ∂βAαν , µν � µν,SM = 3.2× 10−19µB

Here, the light mediator is just the photon.
Cross section large at low energies due to photon propagator ∝ q−2

dσµ(νe → νe)

dEr
= µ2

να

(
1
Er
− 1

Eν

)
,
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Example 2: Z ′-enhanced ν scattering at low E

Consider a new Z ′ gauge boson coupling to neutrinos as well as
charged SM particles

dσZ ′(νe → νe)

dEr
=

g2
Z ′egZ ′νme

4πp2
ν(M2

Z ′ + 2Er me)2

[
2E2

ν + E2
r − 2Er Eν − Er me −m2

ν

]
dσZ ′(νN → νN)

dEr
=

g2
Z ′NgZ ′νmNF 2(Er )

4πp2
ν(M2

Z ′ + 2Er mN)2

[
2E2

ν + E2
r − 2Er Eν − Er mN −m2

ν

]
“ν” can be a conventional active neutrino, or a new sterile neutrino
(light or heavy)

MZ ′ Z ′ mass
gZ ′e, gZ ′N Z ′ couplings to electrons, nucei
Er electron/nuclear recoil energy
me, mN mass of electron, nucleus
Eν , pν , mν energy, momentum, mass of neutrino
F (Er ) Nuclear form factor
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Example 2: Z ′-enhanced ν scattering at low E
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A: ν magnetic moment A: ν magnetic moment
B, C, D: kinetically mixed A′ + sterile νs B: U(1)B−L boson

C: kinetically mixed U(1)′ + sterile νs
D: U(1)B + sterile νs charged under U(1)B

Enhanced scattering at low Er for light A′

Negligible compared to SM scattering (∼ g4mT /M4
W ) at energies probed in conventional

neutrino experiments Pospelov 1103.3261, Harnik JK Machado 1202.6073, Pospelov Pradler 1203.0545
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Summary

Low-mass new particles with ultra-weak couplings are theoretically
well-motivated
MSW-type matter effects are a zero momentum transfer process and are
therefore very sensitive to light new physics

I In effective theory language: “Non-standard neutrino interactions”
I Can be probed in oscillation experiments if the flavor-structure is non-trivial
I Typically long baseline and high energy favorable

Low-energy neutrino scattering is another sensitive probe of light new
force mediators

I Coherent neutrino–nucleus scattering
I Dark matter detectors
I Especially interesting if there are sterile neutrinos which can couple more

strongly to the new force than the active ones
I In this case, low-E scattering can be enhanced by several orders of

magnitude
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